ABSTRACT: In mountainous regions, rainfall distribution is influenced by topography in combination with wind speed and direction. This has implications for estimates of catchment precipitation as input to hydrological models. The objective of this work was to investigate if wind information can be used to improve the accuracy of precipitation estimates, particularly for operational applications. A geostrophic wind, computed from pressure observations, was assumed to represent the airflow at an altitude relevant for precipitation distribution. Interpolated values of precipitation (optimal interpolation) were verified directly against point observations. In some mountainous catchments with low annual evapotranspiration, estimates of long-term mean areal precipitation could be verified through the water balance equation. The effects of the interpolations with and without wind information on the performance of a rainfall-runoff model were also investigated. There were 2 main factors in favour of using wind information in the interpolation: (1) a better description of the seasonal distribution; and (2) a lower sensitivity to reductions in the number of meteorological stations.
INTRODUCTION
Accurate estimates of catchment precipitation are essential in many hydrological applications. They are particularly difficult to achieve in mountainous regions, where precipitation gradients are complex and meteorological networks sparse. Ground radar measurements provide areal coverage but are problematic in mountainous terrain due to blocking of the radar beam. Point observations cannot fully represent the spatial variation, especially as stations are often located in valleys. Supplementary information is thus required. A common practice has been to relate precipitation directly to elevation (e.g. Lindström et al. 1997 , Goovaerts 2000 . Such relationships vary considerably between regions and are thus best applied locally in areas with similar exposure, e.g. the windward side of a mountain (Phillips et al. 1992 , Daly et al. 1994 . Statistical studies over larger areas have shown that other factors can be more important (Shermerhorn 1967 , Blumer & Lang 1993 , Basist et al. 1994 , Konrad 1996 , Prudhomme & Reed 1998 , such as the slope in the prevailing wind direction, the station exposure or proximity to blocking barriers, the bumpiness of the surrounding terrain and the distance to the sea.
Precipitation-elevation relationships also vary with precipitation events. As most hydrological models operate on time scales of 1 d or less, this needs to be accounted for. Garen et al. (1994) tackled the problem by defining the precipitation-elevation relationship for a limited period (typically 1 to 4 wk) around each precipitation event. Bastin et al. (1984) presented a method for estimation of the kriging variogram, dependent on season and rainfall intensity. A comprehensive review of the different factors influencing precipitation distribution in mountainous terrain is given by Smith (1979) . The mechanisms are complex and affected by the weather type and the size of the mountains. A full description requires a model of great complexity. In a case study in Sweden, Johansson & Chen (2003) used a simple statistical approach to define typical precipitation patterns as a function of wind speed and wind direction. They concluded that the statistical relationship is useful in describing the main factors governing the spatial distribution of precipitation in Sweden under specific wind conditions.
Operational runoff modelling has been carried out in Sweden since the mid-1970s (Bergström 1995) . The increasing number of applications has led to a need to develop computerised and consistent interpolation schemes for estimating daily catchment precipitation. It has been assumed that the most accurate estimates could be achieved by combining point observations with information on topography, wind speed and wind direction. The purpose of this paper is to evaluate that assumption. The relationship developed by Johansson & Chen (2003) was used to define a spatial pattern for each precipitation event according to actual wind conditions. To assess the value of wind data in the interpolation procedure, precipitation estimates were also made without the use of wind information. For operational modelling, it is important that an interpolation scheme is applicable in all parts of Sweden. However, the mountainous region in the northwest is of particular interest due to its high runoff and large reservoirs for hydropower production. It is also the most problematic area with respect to precipitation interpolation, due to strong precipitation gradients and a sparse meteorological network (Fig. 1) . Consequently, this evaluation focuses on that region.
METHODS AND DATA

Optimal interpolation
Precipitation (P) data were interpolated using optimal interpolation (Gandin 1965 , Daley 1991 , a geostatistical method similar to simple kriging with varying local means (e.g. Goovaerts 2000) . Several evaluations have favoured geostatistical methods for the interpolation of precipitation (e.g. Creutin & Obled 1982 , Chen et al. 2002 . Interpolation is carried out on residuals from a background field (P -P m ) and at the end, the background field (P m ) is added to the interpolated value. The selection of background field is important for the final result and, as it is not known at ungauged locations, it must be modelled.
Background field
Through regression analysis, Johansson & Chen (2003) established a relationship linking daily precipitation with wind speed, wind direction and topographic variables:
(1) where C 0 to C 6 are regression coefficients; V is the wind speed; SL_U > is the upwind slope, ascending air (0 for descending air); MRF is the mountain range factor, which varies between 0 and 1 and equals 0 if elevation is more than 250 m below maximum elevation of upwind mountain range; SL_D > is the downwind slope, ascending air (0 for descending air); BRF is the barrier factor, which varies between 0 and 1 and equals 0 if elevation is more than 250 m below maximum elevation of upwind barrier; CF is the coast factor, which decreases from 1 at the coast to zero 40 km inland in the wind direction; VDIR is the meridional wind component, which varies between 1 and -1; and UDIR is the zonal wind component, which varies between 1 and -1. The definitions of barriers and mountain ranges differ by their extension and their distance to the point of interest. A barrier has a smaller extension, and the upwind distance is less than 50 km. A mountain range lies anywhere between the actual location and the coast in the upwind direction.
The regression relationship can be used to compute a background value for any location and precipitation event. This was the approach in the interpolation scheme using wind information.
To evaluate the effect of wind information, interpolation was also carried out with a background field determined only from geographical parameters. To establish a relationship similar to Eq. (1), stepwise regression was carried out with mean annual precipitation as the dependent variable. Independent variables were the slope in 8 different directions, location and a term accounting for coast convergence. The resulting expression is similar to that used by Häggmark et al. (2000) for Swedish applications, and explains 58% of the variance in mean annual precipitation: (2) where C ' 0 to C ' 5 are regression coefficients; X and Y are locations, east -west and south-north, respectively; S S , S W are slopes towards the south and west, respectively; MF is the mountain factor, which varies between 0.3 and 1 and has a similar effect to the barrier factor used in Eq. (1), and reduces the influence of slope for narrow mountain valleys; and CV is a term accounting for coast convergence, directly proportional to the difference in percentage of sea in neighbouring grids.
Evaluation of interpolation
All interpolations were made on daily data, to a gridmesh of 4 × 4 km 2 . Catchment precipitation was calculated as the average of the grids covering the catchment. The purpose of the interpolation scheme is to estimate areal precipitation for rainfall-runoff modelling. However, the true areal precipitation is not known, and areal estimates cannot be directly verified against observations. The evaluation thus involved several criteria.
Point estimates were verified against meteorological station data. Jack-knife and cross-validation methods were used for the verification.
In a few mountainous catchments where evapotranspiration is low, long-term mean estimates were verified against runoff through the water balance equation. The calculation is important because it is the only way to verify estimates for high altitudes where no observations are available.
Catchment precipitation estimates were made with 2 sets of meteorological data. The first set included all available stations; the second set only included stations reporting in real time (Type 1 stations). By reducing the number of stations drastically, it was possible to assess the stability of the interpolation scheme and its capability in describing the spatial pattern.
The interpolated precipitation values were used as input to the HBV rainfall-runoff model ) to investigate the influence on model performance.
Data
Daily precipitation values were available from the national networks covering Sweden and part of Norway. In the study area, 230 stations were operating during the whole or part of the investigated period 1981 to 1999 (Fig. 1 ). Data were corrected for catch losses using station specific factors with a seasonal variation (Eriksson 1983 , Alexandersson 2003 . In total, 20% of the stations were of Type 1.
The regression relationships in Eqs. (1) & (2) were developed on data from the whole of Sweden, using stations operating at the same location from 1981 to 1995. A total of 450 such stations were available: 370 were used to develop the regression relationship and 80 were left for independent verification; 70 and 20 were located in the mountainous region, respectively. These 90 stations were used for verification of point estimates, while the complete set of mountain region stations (230) were used to estimate catchment precipitation.
Because it is the large-scale wind that matters for precipitation distribution, the geostrophic wind was used to describe the airflow (Johansson & Chen 2003) . As it is computed from sea level pressure observations, it is also easily available. For this study, we used wind data that were already computed for a 1 × 1°grid for 3 hourly intervals (Omstedt et al. 1997) . Wind speed and wind direction during precipitation events follow a seasonal pattern. Wind speeds in winter are generally 30% higher than in summer. Close to the water divide along the Norwegian border, winds from the west dominate precipitation events in winter. Further to the east, most winter precipitation falls when winds are from the south (Fig. 2) . In summer, winds from the north and from the east bring most precipitation.
Topographic information was taken from the 50 × 50 m 2 elevation database from the National Land Survey of Sweden. It was re-sampled to a 4 × 4 km 2 grid mesh.
3. RESULTS
Spatial distribution
The use of wind information has a clear effect on the spatial distribution of the interpolated precipitation, particularly in areas with steep topography (Fig. 3) . In winter, it leads to higher precipitation estimates in the most western part and at high altitudes, and to lower precipitation estimates in the mountain valleys. This is in agreement with the high wind speeds which, according to Eq. (1), result in stronger precipitation gradients. It is also in agreement with the dominating westerly winds. In summer, the effects are smaller, but tend to go in the opposite direction with lower precipitation in the western part and at high altitudes and with less strong precipitation gradients. This is the result of low wind speed and more easterly winds.
Verification of point estimates
The 90 stations operating at the same location from 1981 to 1995 were used for the verification of point estimates. First, daily precipitation for this period was estimated for the 20 stations saved for verification purposes, using the other 70 as input to the interpolation (a jackknife approach). Two criteria were used to evaluate the accuracy of the precipitation estimates: (1) the coefficient of determination for daily precipitation, which was computed for each station for the relevant period and then averaged over all stations (r 2 ); and (2) the absolute error in the estimated total precipitation, ⏐P -P est ⏐/P, which was computed for each station for the relevant period. Then the mean error was obtained by averaging errors over all stations. The coefficient of determination describes the similarity in temporal patterns, while the absolute error gives the magnitude of the difference.
There was no difference in the r 2 value between the 2 different approaches, with and without wind information. In both cases, the value was 0.78. However, the mean error was smaller for the interpolation scheme using wind data, 6.5% compared to 7.9% for the other scheme. A sub-division into seasons or single months did not show any systematic deviations from these results. In a cross-validation between all 90 stations, the main advantage in the use of wind data seemed to lie in the greater capability to predict the difference in seasonal variation along the water divide between Sweden and Norway. In northern Sweden, precipitation generally has a maximum in summer, but furthest to the west the maximum occurs in winter. This shift from winter to summer maximum takes place over a small distance, as demonstrated by 2 stations-Katterjåkk and Abisko -which are only 30 km apart (Fig. 4) . The interpolation scheme using wind information managed to estimate a winter maximum for Katterjåkk and a summer maximum for Abisko, while the scheme without wind gave both stations similar seasonal patterns.
Verification of catchment precipitation
Areal precipitation was estimated for 6 mountainous catchments (Fig. 5) for the period 1981 to 1999. Over long periods, the storage of water within a catchment can be neglected and the water balance equation can be written as:
where P is the mean precipitation, Q is the mean runoff and E is the mean evapotranspiration. In northwestern Sweden, evaporation is low in relation to runoff (SNA 1995) . Thus, catchment mean precipitation can be verified through the water balance, with a rough estimate of mean evapotranspira- tion. Long-term mean precipitation estimated from all available stations ( Fig. 1 ) is given in Table 1 together with the ratio P /(Q + E ). Ideally, this ratio should be equal to 1 but, due to uncertainties in runoff measurements and evapotranspiration estimates, a perfect fit is not to be expected. In view of this, no clear preference could be given to one interpolation scheme with respect to the long-term mean values. With the exception of Överuman, the ratio P /(Q + E ) is within ±10% of 1.0 for both schemes. In the most western catchments, the seasonal distribution shows a slightly higher winter precipitation and a slightly lower summer precipitation for interpolation with wind data (Fig. 6a) .
To test the stability of the interpolation schemes, catchment precipitation was estimated with a reduced number of stations. This is of interest in operational runoff forecasting when a limited number of stations are available for the month preceding the forecast. In the test, only Type 1 stations were used, and this meant a very low station density, particularly around the 2 catchments furthest to the northwest (Suorva and Sitasjaure). For those 2 catchments, the use of wind data gave a greater similarity to the estimates based on all stations. The total precipitation differed less, and the correlation between daily values was higher (Table 2 ). In addition, the seasonal distribution was better maintained (Fig. 6b) . The results indicate that wind information contributes to a better description of the spatial variation between stations and is less sensitive to changes in the meteorological network. The results are similar to those presented by Kyriakidis et al. (2001) in a study from Northern California. They concluded that integration of low-atmosphere and terrain information in a geostatistical framework could lead to more accurate representations of the spatial distribution of rainfall and that the magnitude of the improvement would depend on, among other things, the density of the rainfall stations.
Runoff modelling
The HBV rainfall-runoff model (Bergström 1995) was set up for the 6 catchments in Fig. 5 . The HBV is a conceptual model, and the parameter values are determined through calibration against observed runoff. In this case, the period September 1, 1982 to August 31, 1992 was selected as the calibration period, and September 1, 1992 to August 31, 1999 as the verification period in a split-sample test. The model was calibrated through an automatic procedure (Lindström 1997) , with precipitation input from both interpolation schemes. For the calibration, precipitation estimates based on all available rainfall stations were used. The model performance was evaluated by 2 criteria.
The R 2 value (Nash & Sutcliffe 1970) , calculated as: (4) where QC is the simulated runoff, QR is the recorded runoff and QR -is the mean recorded runoff.
The volume error (VE), calculated as: (5) where QC -is the mean simulated runoff.
With respect to the fitness criteria, the 2 catchments Sitasjaure and Suorva stand out, with smaller volume errors for the verification period for the scheme using wind information (Table 3) . This is probably due to the lower sensitivity to changes in the meteorological network in combination with the low station density in the northwest. In the interpolation, all available stations were used, meaning that the number and their location varied over time. During the 1990s, part of the Swedish network was automated, which led to many changes in station locations. However, for the calibration period, the model performed equally well with both interpolation schemes. This is in agreement with results reported by Andréassian et al. (2001) . Xu & Vandewiele (1992) found that as long as the time series are homogeneous, systematic errors may be taken care of by calibrating the models against observed runoff. The values of the model parameters are then selected in such a way that they adjust the simulated runoff according to the bias in the input data. Several authors have found that the catchment acts as a filter, also in more fully distributed hydrological models than the one used in this study. The primary reason for evaluation of rainfall patterns is then the need to estimate total precipitation accurately; the distribution within the catchment is of little consequence (Obled et al. 1994 , Brath et al. 2003 . This is probably particularly relevant for the climatic conditions in northern Sweden with long periods of snow accumulation.
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To determine the sensitivity of the interpolation schemes to station density, the model was run with input only from Type 1 stations. This was done for the period 1982 to 1992 without recalibrating the model. A comparison between the precipitation estimates in this case and the previous estimates showed that the use of wind information led to more stable precipitation estimates in the 2 catchments Sitasjaure and Suorva, both with respect to the total amounts and the temporal variation. This was reflected in the model performance. The deterioration in model performance was more pronounced for the interpolation scheme without wind data (Table 4) .
Static versus dynamic wind information
Some of the advantages of using wind information might be achieved without the need for daily wind data. The seasonal and spatial pattern could be described by information on typical wind directions and wind speeds at different locations and in different seasons. This would facilitate operational applications, when geostrophic wind is less easily accessible than precipitation data.
Tests were made for the Sitasjaure and Suorva catchments, which were the most sensitive to the choice of interpolation scheme. In most tests, the interpolation scheme with typical wind produced similar results to the one with daily data. Estimates with all available meteorological stations gave almost the same long- (Table 5) . Looking at the time series of monthly values, the monthly estimates differed by more than 20 mm in about 5% of the months (when the estimates were based on all stations). Those months were all winter months, characterised by an unusually high proportion of westerly and northwesterly winds and by wind speeds higher than normal for that time of the year. This led to higher precipitation in the western part, stronger elevation gradients and a higher total precipitation for the scheme using daily wind information. The largest differences were found for February 1993. A cross-validation for the precipitation stations shows that the scheme using daily wind data on that occasion better described the east -west precipitation gradients (Fig. 7) .
SUMMARY AND CONCLUSIONS
The aim of this study was to investigate if wind information can be used to improve the accuracy of catchment precipitation estimates for rainfall-runoff modelling in a mountainous region of Sweden. Interpolation schemes with and without wind information were evaluated.
The use of wind information had a clear and positive effect on the spatial distribution of the estimated precipitation, particularly in areas with steep topography. In winter, estimated precipitation was higher to the west and at high altitudes, and lower in the mountain valleys. In summer, the effects were the opposite, with lower precipitation in the west and with less strong precipitation gradients.
Cross-validation against station observations showed that the use of wind data gave a better description of the seasonal pattern, particularly along the water divide between Sweden and Norway. In northern Sweden, maximum precipitation is generally in summer, but furthest to the west the maximum occurs in winter. This shift from winter to summer maximum takes place over a small distance and this could not be described with the interpolation scheme without wind data.
For the estimation of catchment precipitation, the main advantage in the use of wind data lay in the greater stability of the estimated time series. The estimated values were less affected by changes in the meteorological network. This was most evident in the 2 test catchments which had the lowest station density in combination with steep precipitation gradients. For operational applications, one might consider using information on typical wind speed and wind direction at a specific location and time of the year instead of daily wind observations. An interpolation scheme based on typical wind information produced seasonal patterns and total catchment precipitation estimates that are not so different from the ones using daily time series of wind data. It was, however, less capable of reproducing the daily variations when the number of meteorological stations was reduced.
The performance of the HBV rainfall-runoff model was improved by using wind data in the interpolation scheme to determine the catchment precipitation. This is mainly due to the fact that the interpolation using wind data is less sensitive to the locations and density of the stations used. However, the improvement due to the more accurate temporal and spatial distribution in precipitation only had a relatively small effect on the already very high skill of the runoff simulation. This may be due to the filtering effect of the catchment as precipitation is temporarily stored in the snow pack, as soil water or in the lakes.
